Passive systems possess the beneficial properties of ease of human control, and stable interaction with arbitrary passive systems. Motivated by these properties, our research has been directed towards developing passive hydraulic systems. A novel hydraulic element called the passive valve was first developed. The passive valve was used in single degree of freedom passive bilateral teleoperation of a hydraulic actuator. The teleoperation control ensured a) passive 2-port behavior of the teleoperator and b) bilateral energy transfer between the human and the work enviroment with a power scaling factor. Although passivity, coordination between the master and slave systems was ensured only when the teleoperator (and hence the passive valve) was manipulated at sufficiently low frequency. In this paper, we extend the previously proposed teleoperation control to multi-degree of freedom control of a hydraulic backhoe, and rectifies the previously imposed bandwidth limitation by accounting for the dynamics of the passive valve. The passivity property of the hydraulic backhoe ensures interaction stability with any human operator and the work environment that could be modelled passive. The intrinsically passive control ensures two-port, rigid coordinated behavior of the passive valve driven teleoperated backhoe.
Introduction
Passive systems possess the beneficial properties of ease of human control, and stable interaction with arbitrary passive sys- † Associate Professor and Corresponding Author tems. Motivated by these properties, our research has been directed towards developing passive hydraulic systems [1] [2] [3] [4] . A new hydraulic element called the 'passive valve' was developed for both single-stage, [1] and multi-stage [3] valve configurations. The passive valves are mechatronic two-port devices with a command port and a hydraulic port such that it is passive with respect to the total scaled power input to the device. The single stage and multi-stage passive valves were used in passive bilateral teleoperation of a hydraulic actuator, [2] and [4] . Passive teleoperation ensured rigid, mechanical, two-port passive behavior of the motorized joystick teleoperated hydraulic actuator. The benefit of ensuring passivity of the teleoperated system is that the system can interact stably with other passive elements like humans and work environments.
A dynamic system with input u(t) and output y(t) is passive with respect to a supply rate s(u(t), y(t)) ∈ L 1e if ∃c such that, for all u(·) and time τ > 0 , [5] τ 0
s(u(t), y(t))dt ≤ −c
2 .
For most physical systems u(t) represents the effort / flow and y(t) represents the flow / effort. For such systems, if the supply rate is defined as the product of effort and flow, i.e. physical power, the above equation means that it is only possible to extract a finite amount of energy from a passive system. This property of passive systems makes it possible to ensure stability of interconnection of passive systems, [6] . The inherent safety that passive systems provide has been exploited by researchers in the development of human interacting machines like smart exercise machines [7] , passive bilateral teleoperators [8] [9] [10] and in other passive systems such as COBOTS [11] and PTER [12] . In a previous paper [2] , we developed a passive teleoperation algorithm for 1-DOF hydraulic actuators using a motorized joystick. Although passivity of the overall system is ensure, the algorithm ensured coordination between the passive valve driven actuator and the motorized joystick by approximation of the passive valve's behavior by its low frequency behavior. Thus, the bandwidth of teleoperation with good coordination performance is limited. In the present paper, we propose passive teleoperation algorithm for multi-DOF hydraulic systems using the dynamic passive valve, which does not require the previously imposed low-frequency operation constraint. The objective is to design a teleoperation controller, interacting with a 2-DOF master joystick at one port and a 2-DOF backhoe at the other port. The controller ensures passive two-port behavior of the teleoperated backhoe w.r.t. a scaled power input as its supply rate. The twoport machine interacts with the human operator at one port and the environment at the other. The teleoperation controller also ensures the coordination of the master joystick and the backhoe at all times. An operator operating such a passive coordinated hydraulic machine will feel as if he is operating a mechanical tool.
The rest of this paper is organized as follows. Section 2 presents the models of all the subsystems of the teleoperated backhoe and formulates the control design problem. In section 3 we design the passive teleoperation controller. Experimental results of implementation are presented in section 4. Conclusions and future work are given in section 5.
System modeling and control objective
A schematic of the teleoperated backhoe is shown in Fig. 1 . It consists of a 2-DOF master motorized joystick in a horizontal plane and a 3-DOF Backhoe of which 1-DOF (the boom) will be constrained. Backhoe motion is actuated by single-rod hydraulic actuators which are in-turn driven by single-stage proportional valves. A submerged constant displacement vane pump can provide upto 19 LPM (5 GPM) flow at 10.3 MPa (1.5 KPSI). In this section, we present models of the teleoperated backhoe subsystems and formulate the control objective. Throughout this paper, matrices / vectors are represented as bold face symbols and the elements are represented as the same symbol in normal font with a superscript i denoting the link number.
Single-stage passive valve
The schematic of a conventional single-stage valve similar to the one we use is shown in Fig. 2 . The spool is stroked with a force U by a solenoid, resulting in valve displacement x v . As a result, high pressure hydraulic fluid flow Q c is metered through orifice 1 into the capside chamber of the hydraulic actuator. Re- 
where
r is the differential hydraulic load force with subscript 'c' refering to the capside parameter and subscript 'r' refering to the rodside parameter,
Throughout this paper, the superscript i of the symbols is used to represent the variable corresponding to link i of the backhoe or joystick (as applicable). Eqs. (1)- (5) are merely rearrangements of the 4 way valve equations taking into account the single rod actuator, and separating the no-load behavior and the loaded behavior. Dynamics of the valve spool are given by
where ε i is the spool inertia and U i is the solenoid stroking force. It was shown [1] that, in general, single stage valves (1)-(6) behave like non passive devices with respect to a supply rate that includes the hydraulic power withdrawn from the hydraulic ports of the valve. This means that if the valve is stroked to a non-zero position, (x v = 0), it is possible to extract infinite energy from the valve resulting in its non-passive behavior. An active passification control technique was proposed, [1] which ensured that single-stage proportional valves behaved like passive two-port hydraulic elements with respect to the supply rate
where F x is an exogenous control input to the passified valve and
A x v is the corresponding flow variable. The first term in the supply rate is the fictitious power input to the passive valve by the exogenous control input (implemented using the stroking solenoid) (port 1) and the second term represents the actual hydraulic power drawn by an attached load (like an actuator) (port 2). However, passification of this valve in [1] assumed that flow metered out of the valve is equal to the flow rate metered into the reservoir which is true only when the valve is driving a symmetric double-rod actuator. We modify the algorithm presented in [1] to include situations where the ratio of flow rates coming in and out of the valve are related by the ratio of the cross-sectional areas of the control volumes within the hydraulic load (single-rod actuator in this case). The basic idea of passification control remains the same, viz. to incorporate load pressure feedback onto the valve spool. The control law which renders the valve as a passive three port device is stated in the following lemma. Readers are refered to [1] for a similar proof.
Lemma [1] : The choice of valve spool stroking force control input in (6)
where γ i > 0 is the load force feedback gain and
where (·) is the estimate of the argument (·), ensures that the single-stage valve described by Eqs. (1), (2), (6) behaves like a passive 3-port device with respect to the supply rate:
The first term in the supply rate is the power input by the exogenous control F i x , the sum of the second and the third terms is the net hydraulic power withdrawn by the hydraulic load (singlerod actuator). The valve passivity property can be verified by differentiating the storage function:
If the estimate of Ḟ x − ΓḞ L , Ḟ x − Γ Ḟ L is accurate, then the passive valve dynamics are given by:
In previous work, [2] we had assumed low frequency behavior of the passive valve (13) to ensure coordination of the teleoperator. This approximation leads to an algebraic relation between the output x v and input F x of the passive valve. Notice that the passification algorithm decreases the relative degree between the new control input F x to the output x v from 2 in (6) to 1 in (13) . In practice, it is natural for proportional valves to behave like first order systems (between stroking force and spool displacement) due to integrated spool position control electronics. In such an event, the passification algorithm can be modified to include only the load force feedback on the spool. More details are presented in section 4.
Hydraulic actuator
The pressure dynamics of a hydraulic actuator associated with link i are given by:
where V i c , V i r are the total volumes of the capside and the rodside chambers including the hose volume, respectively, β is the fluid compressibility, P i c , Q i c , P i r , Q i r are the pressures and flows in the actuator chambers, A i c , A i r are the cap and rod side piston crosssection areas and x i is the piston position. As a) hydraulic fluid compressibility, β is typically orders of magnitude larger than the actuator volumes V i c ,V i r , b) the actuator volumes are predominantly comprised of a constant hose volume, we assume that the ratio V i c /β and V i r /β is constant. The hydraulic actuator is a passive 3-port subsystem with respect to the supply rate:
This supply rate is the difference of cumulative input hydraulic power at the cap, (P i c Q i c ) and rod, (P i r Q i r ) side ports and the output mechanical power, (F i Lẋ i ). The passivity property can be verified by differentiating the energy storage function:
Backhoe dynamics
The backhoe is modeled as a planar, rigid 2-link robotic system. Its dynamics are given by,
is the differential hydraulic force acting on each backhoe link and F e is the net environment force acting on the backhoe.ẋ is a vector of the actuator piston velocities. The environment force includes effects due to friction (links and actuators) and gravity. The mechanical backhoe is a passive 2-port subsystem with respect to the supply rate,
which can be verified by differentiating its kinetic energy storage function, [13] W backhoe = 1 2ẋ
Motorized joystick
The joystick is modeled as a planar, rigid 2-link robotic system. Its dynamics are:
where M q = M q T > 0 andṀ q − 2C q is skew-symmetric, F q and T q are the motor actuated control torque and the human input torque on the joystick.q is a vector of the link angular velocities. Notice that gravity does not affect the dynamics as the joystick motion is constrained to the horizontal plane. The joystick is a passive 2-port subsystem with respect to the supply rate,
which can be verified by differentiating the kinetic energy storage function, [13] W joystick = 1 2q
In order to analyze the passivity property of the interconnection of the subsystems, we use the interconnection lemma, [2] which states that the cascade interconnection of two passive systems results in a passive system with a modified supply rate. By virtue of this property, notice from Fig. 3 that the passive valve, hydraulic actuators and the backhoe form a cascade interconnected passive system. In order to ensure the passivity property of the teleoperated machine, we need to determine a teleoperation controller which is intrinsically passive with respect to the supply rate,
This will ensure that the cascade interconnection of the joystick, controller, passive valve, hydraulic actuators and backhoe (as shown in Fig. 3 ) is also passive w.r.t. the overall system supply rate
where ρ is the desired power scaling factor. In Eq. (20), the first term is the scaled human power and the second term is the environment power input to the teleoperated backhoe. Human Figure 3 . Interconnection of the passive subsystems of the Teleoperated Backhoe power input to the teleoperator is scaled using ρ. Satisfying the above passivity condition will ensure that the joystick teleoperated backhoe will behave like a passive 2-port device and thus guarantee stable interaction with the passive power scaled human and work environment. In addition, our teleoperation control should also ensure that the scaled coordination error
asymptotically, where α is a kinematic scaling. This ensures that the backhoe motion mimics the scaled joystick motion.
Passive teleoperation controller design
We first design a teleoperation control structure which satisfies the passivity condition (20). The control structure will feature certain 'design variables' which are then determined so as to ensure the coordination of the joystick and the backhoe configurations, (21).
Passive controller structure
In order to ensure that the controller ensures passivity of the teleoperator, robustly, we use a fictitious energy storage element that mimics a flywheel. Its dynamics are given by:
where M i f is the flywheel inertia, f i is the flywheel angular velocity and F i f is the flywheel control force.
Consider the storage function of the teleoperated backhoe,
Notice that the first term is the kinetic energy of the joystick system scaled by ρ, the second and third terms are the storage function of the passive valve, the fourth term is the energy of the compressed fluid in the hydraulic actuators, the fifth term is the kinetic energy of the backhoe and the last term in (23) is the kinetic energy of the fictitious flywheel. In order to determine the passivity property of the teleoperated system, we analyze the power flow through the system. Hence, taking the time derivative of the energy stored, (23), and substituting the dynamics of the joystick (18), passive valve (13), hydraulic actuator chambers (14), backhoe (16) and flywheel (22), and simplifying, we get:
The following choice of a skew-symmetric control structure:
(24) where Ψ(t) ∈ R 3·3×3·3 is to be designed, ensures thaṫ
so that on integration we achieve the desired passivity property. Remark 1: Notice that the controller structure (24) guarantees the passivity property of the teleoperated backhoe regardless of the choice of the design parameters within Ψ(t), as long as it is bounded and satisfies the skew-symmetric property. Such a control implementation will ensure passivity property in the presence of uncertain system parameters.
Remark 2:
The controller is Intrinsically Passive with respect to the supply rate
which can be verified by differentiating the controller storage energy,ḟ T M fḟ (= flywheel storage energy) and substituting Eq. (24). The skew-symmetric matrix Ψ(t) is determined to ensure that the joystick and the backhoe are coordinated.
Coordination controller
To determine the coordination control law, we make three assumptions.
1. Fluid is incompressible. This assumption leads to the following relation between spool position x v and piston extension x.
The above relation can be verified using (14), and (1), (2) . It is important to note that the load flow gainK Q ≥ 0 if F i L ≤ A s P s which is the usual mode of hydraulic operation. 2. Backhoe inertia is negligible. This assumption leads to the following relation between hydraulic differential force, F L and the environment force, F e .
The above relation can be verified using (16). 3. Negligible coriolis forces leading to decoupled joystick interia. This means that the joystick dynamics are approximated to be:
It is important to note that all three assumptions are made only to determine the coordination control law. Passivity property of the teleoperated backhoe is guaranteed without the aforementioned assumptions. In previous work, [2] we had assumed 1-DOF low frequency teleoperation. Although the assumption did not affect the passivity behavior of the teleoperator, it limited the bandwidth of teleoperation. This problem has been rectified in the present coordination algorithm. If the valve and joystick control inputs, F x and F q respectively, are designed to satisfy
hence guaranteeing asymptotic coordination of the kinematically scaled (α) joystick and the backhoe. This can be verified by differentiating the coordination error twice and substituting (26)-(28) and (13) .
One choice of the elements of Ψ(t) in (24) which satisfies (29) is as follows: (the argument (t) has been dropped to avoid clutter):
Notice from (30) and (24) that the joystick control input F q and the valve control input F x use the energy from the flywheel in order to achieve coordination. In order to preserve passivity, it is necessary to ensure that this energy required is bounded. Notice that D(t) in (29), (30) consists of exogenous inputs T q , F e and states x v , z. Assuming bounded inputs and bounded states, D(t) is bounded. If we initialize the flywheel such that W f lywheel (0) > δ + t 0 φD(τ)Ė(τ)dτ and since the coordination control law, (24), (30) will ensure thatĖ → 0 exponentially, we can ensure that W f lywheel (t) > δ > 0, ∀t. This means that the teleoperation control (24), (30) only uses bounded initial energy to ensure coordination. In the unlikely event thatḟ → 0 beforeĖ → 0, we use ξ i (t) in (31) to limit the energy extracted from the flywheel for coordination purposes. This will lead to some loss in performance but passivity of the teleoperator will be preserved.
Haptic behavior of the teleoperated backhoe
We now determine the haptic behavior of the teleoperated backhoe. Upon substituting the control (24) and (30) in the joystick dynamics, (18) and assuming thatḟ i (t) ≥ f threshold and E → 0, we get:
whereṀ h (t) − 2C h (t) is skew-symmetric. These dynamics explain the behavior of the coordinated teleoperated backhoe. Notice that the operator feels a different inertia, M h (t), some dissipation in the valve due to the term related to z and a scaled environment force, F e . Notice that z manifests as a damping because at low frequency operation, z ≈ −B −1 ε αµBK
−1
Qq . The dynamics ensure rigid mechanical damped tool behavior of the teleoperated backhoe.
The above analysis presented in section 3 provides a sketch of the proof of the following result: 
Experimental results
In order to implement the presented control algorithm we had to modify the valve passification control. This is because we experimentally determined (using system identification tools) that the single-stage proportional valve used in our experiments behaved like a first order system between input stroking force, U i and output spool displacement, x i v up to about 350 rad/s. This deviation from our original model results from integrated closed loop valve drive electronics which render the second order valve spool behave like a third order system with a high frequency pole beyond 350 rad/s, which is beyond the frequency range of interest. The experimentally obtained spool dynamics were given by:
where ω i 1 is the bandwidth and the ratio ω i 2 /ω i 1 determines the DC gain. In order to ensure that this valve behaves like a passive two-port device w.r.t. the supply rate, (11), we only needed to modify the passification control (7) to include just the load pressure feedback force:
In vector notation, the passive valve dynamics are now given by:
Notice that the valve passification control algorithm, (34) does not alter the relative degree of the passive valve (remains n = 1).
As a result only D(t) in (29) changes to Fig. 4 . We use a kinematic scaling, α = 5in./rad and a power scaling ρ = 14Watt/Watt. Notice from the top plot of Fig. 4 that the joystick and backhoe operate in a coordinated manner. The maximum observed coordination error is within 0.004in. The dynamic valve teleoperation algorithm performs better than the previously developed [2] algorithm which relies on low frequency operation of the teleoperator. The previously developed algorithm could achieve coordination error of 0.01in for a similar experiment using similar bandwidth closed loop behavior (plots not included due to space constraints). The performance improvement would be more significant for higher frequency operation. Notice also that when the backhoe hits the woodden box (t = 12.5, 17.75 and 23.8 seconds), the operator experiences the backhoe contact force (F e ) contained in the bucket and stick haptic forces (F q ). The experiments indicate that the passive teleoperation controller is able to ensure bilateral transfer of power between the human and the work environments.
Conclusions and Future Work
A passive bilateral teleoperation control scheme for backhoe operation is proposed. The controller provides amplification / attenuation of joystick motions and also scaled feedback force to the operator. The passivity property of the teleoperation scheme ensures stability of interaction of the teleoperated backhoe and arbitrary human / work environment (usually strictly passive). The current teleoperation approach rectifies the previously imposed low-frequency teleoperation requirements. The proposed approach can be applied to any relative degree 1 passive valve. The Haptic dynamics of the teleoperated backhoe represent that of a rigid mechanical passive tool with which both the work environment and human operator are in physical contact.
The proposed coordination algorithm assumes incompressible fluid dynamics within the actuator chambers which leads to hydraulic 'chatter' during fast operation. This can be resolved by including the pressure chamber and backhoe inertia dynamics in the design of the coordination control law and is currently being pursued.
